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DETERMINED BY ROCKET-POWERED TEST VEHICLES
AND LINEAR SUPERSONIC THEORY

By Carl A. Sandahl, H. Kurt Strass,
and Robert O. Plland

SUMMARY

The rolling effectiveness and drag of half—delta wing-tip allerons
on rectangular and tapered wilngs sweptback 0° and 45° have been deter-
mined by means of rocket-powered test vehicles over the Mach number
range from sbout 0.6 to 1.7. The rolling effectiveness of the wing-tip
ailerons was found to be relatively uniform over the test Mach number
range and was lower at subsonic speeds and higher at supersonlc speeds
than that of plain partial—span ailerons of equal area. Increasing the
wing sweepback from 0° to 45° and decreasing the wing taper ratlio from
1.0 to 0.45 decreased the rolling effectiveness. Values of rolling
effectiveness calculated by means of linear supersonic theory agreed well
wilth the experimentsel results. With unswept wings, the wing-tip allerons
had no measureble effect on the wing drag coefficient. For the sweptback
wing configuration the wing-tip allerons caused the transonic drag rise
to occur at a lower Mach number.

INTRODUCTION

Lateral controls conslsting of smell deflectable 1ifting surfaces
attached to the tips of the wings of pilotless and plloted aircraft have
received some consideration. Some of the advantages claimed for such
wing-tip lateral controls are: large rolling-moment srm avellable; possi-
bility of locating the hinge axig to reduce hinge moments; and the possi-
bility of installing full-span high-1ift devices on the main wings. Prob-
ebly the main disadvantage of such controls is the structural problem
entailed in the design of practical configurations.

Previous work with wing-tip allerons on delta-plan-form wings at
high-subsonic, transonic, and supersonic speeds (reference 1) has shown
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that such ailerons heve favorable rolling-effectiveness characteristics
in camparlson with trailing-edge controls. As a continuatiorn of this
work, half-delta tip allercns heve been Investigated on several rec-
tangular and tapered wings having 0° and 45° sweepback. The rolling
effectiveness was determined by means of rocket-propelled test vehicles
with the use of the technigue described in reference 2 by means of which
the variation of wing-alleron rolling effectiveness with Mach number can
be obtained. In addition to the rolling power measurements the varia-
tion of total drag coefficient with Mach number was ocbtained. It 1s the
purpose of this paper to present these experimental results and to com-
pare them with results for plain partial-span allerons of equal area.
The rolling-effectiveness results are also compared wilth those obtained
by means of linear supersonic theory.

SYMBOLS
pb/2v wing-tip helix angle, radiens
P rolling velocity, radians
b total wing span, feet
v flight velocity, feet per mecond
Cp totel drag coefficient besed on total exposed area of wing and
aileron (1.720 sq £t for present tests)
Cp wing drag coefficient based on total exposed ares of wing and
w aileron
M Mach number
R Reynolds mimber
A aspect ratio based on total wing span and total area of two

wings obtalned by extending leading and tralling edges to
model center line

Ac/2 gweepback of 50-percent-chord line of wing, degrees

Ay taper ratio of wing excluding aileron

S total exposed wing area including ailerons (1.720 sq ft)
Sq total alleron ares (0.156 sq ft for three.penel model)
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So =8 - 8, (1.563 sq ft for three-panel model)
c local wing chord parallel to model center line

& deflectlon of each alleron obtalned by averaging the deflections
of the three ailerons, degrees

i incidence of each wing panel obtalned by averaging the incidence
values of the three wing panels, degrees

TEST VEHICLES AND TESTS

The general arrangement of the test vehlcles 1s shown in figurés 1
and 2. The geometric details of the wing-alleron configurations tested
are ghown in figure 3.

All of the wings, exclusive of the allerons, had NACA 65A009 airfoil
gsections in planes parallel to the model center line, total exposed wing
areas of 1.720 square feet, and semispans of 1.35T feet. The resulting
agpect ratics are listed 1n table I. The total aileron area wes held
constant at 10 percent of the basic exposed wing area which corresponds
to 9.1 percent of the total exposed area of the wing and sileron. The
control deflectlion and the wing incidence were set at the desired values
of 5° and 0%, respectively, during construction and were nonadjustable.
The actual mespured values of alleron deflection and wing incidence are
ligsted in table I. The theoretical hinge Ilne passsed through a point
located at two-thirds of the alleron root chord behind the wing leading

edge.

The test vehicles were accelerated by a two-stage rocket-propulsion
system to a Mach number of about 1.7. Durlng coasting flight following
burncut of the rocket motor, time histories of the rolling veloclty pro-
duced by the ailerons (obtalned with modified spinsonde equipment (refer-
ence 3)) and the flight-path velocity (obtalned with Doppler radar) were
recorded. These data, in conjunction with atmospherlc messurements
obtalned with radiosondes, permlitted the evaluatlion of the rolling-

effectiveness parameter g? S as a function of Mach number. The drag

coefficlent of the test vehicles was obtained by arithmetlc differentia-
tion of the flight-path veloclty-time history. The scale of the tests
is indicated by the curve of Reynolds number sgainst Mach number shown
in figure 4. A more complete description of the test method is given in
reference 2.
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ACCURACY AND CORRECTIONS

The error in the determination of the quantity Ee/é for any one

model is estimated to be within +0.0004 and #0.0002 at the lowest and
highest test Mach numbers, respectively. However, experience has shown

that the 53/5 cbtalned from nominally identical models may vary (because

of small physical differences in the models) by a&s much as #0.0007 and
+0.0003 at the lowest and highest test Mach numbers, respectively.

The errors in the drag coefficient and the Mach nuwber are estimated
to be within 30.002 and 30.005, respectively.

The values of E%/S obtained during flight deviated slightly from

steady-state values becsuse the models experlenced a continucus rolling
acceleration or decelerstion. The deviation is small, however, being a
meximum of about 10 percent in the Mach number range from M = 0.85 to
M = 1.0 for those models for which an abrupt change in rolling effec-
tiveness was obtalned. The deviation was negligible over the remainder
of the Mach number range investigsated.

The g?/é values have been corrected to zero wing inclidence. The

correction, which was determined experimentally by meens of test vehicles
gimilar to those of the present tests except that the ailerons were unde-
flected and the wings were set at angles of-incidence, 1s glven by the
followlng relations:

For untapered wings

Apb  1.54

& 57.3
and for tapered wings

ApDb - 1.61

v 37.3
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RESULTS ARD DISCUSSIOR

The variation of the rolling-effectiveness parameter g%/a with

Mach number for the configuratione tested is shown in figure 5. All of
the configurations tested exhibited a relatively uniform rolling effec-
tivenegs over the Mach number range 1lnvestigated with the exception of
the configuration having the reverse half-delta sileron (model 5) for~
which sn abrupt change in effectiveness was obtained in the Mach number
range from 0.85 to 0.95. This same configuration (model 5) had the
highest effectiveness of those tested. Increasing the wlng sweepbeck
from 02 to 45° is shown by the results for configurations 1 and 2

(Ay = 1.0) end 3 and & (A = 0.45) to decrease the rolling effectiveness,
particularly at the subsonic and highest supersonlic speeds investigated.
Increasing the taper ratio from 0.45 to 1.0 increased the rolling effec-
tiveness probably hecause the untapered wing tested has a larger area in
the zone of influence of the tip aileron which would produce a larger
rolling moment.

A comparison of the rolling effectiveness of half-delts wing-tip
allerons with that of plain partial-span ailerons of equal area obtained
from reference 4 is shown in figure 6. Both the plain eileron and the
tip-alleron configurations had the same basic wing plan forms. For both
sweepback angles, the half-delta tip allerons show higher effectiveness
at supersonic speeds and a more nearly uniform effectiveness over the
Mach number range investigated than the plein slleroms. At subsonic
speeds, the rolling effectiveness, per unit aileron deflectlon, of the
half-delta wing-tip allerons 1s consldersbly less than thaf of the plain
ailerons. It should be noted that, at the supersonlc speeds Investigated,
increasing the wing sweepback fram 0° to 45° reduced the effectiveness of
the plaln aileron considerably but had & negligible effect on the rolling
effectiveness of the tip silerons.

The varisatlomn of the rolling effectiveness with Mach number, calcu-
lated as described in the appendix with the use of methods of linear
supersonic theory, is compered with experimental results in figure T.
For the two configurations considered the agreement is good.

The vearlation of total dreg coefficlent with Mach mumber for the
configurations tested is shown in figure 8. The drag coefficilent of con-
figuration 2 was not obtained at the higher supersonic speeds because of
radar-tracking difficulties. The usual beneficlal effects of wing sweep
are epparent. The drag of the configuration having the reverse half-
delta aileron (model 5), which had a blunt round leading edge, was slightly
higher than that of the comparable configuration having the apex-first
helf-delta aileron (model 3).
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In figure § are plotted drag‘coefficlente based on total exposed
wing area including ailerons of identical wings with and without helf-
delta wing-tip silerons. The wing drag coefficients shown in figure 9
were obtained by subtracting a fuselage drag coefficlent from the total
measured drag coefficlent. The fuselage drag coefficient was obtalned
from unpublished flight tests of & wingless, finless fuselage identicael
to that employed in the present tests. The wing drag coefficlents
obtained in this way include interference effects of unknown mesgnitude
which tend to 1nvslidate the absolute values of wing drag coefficient
obtalned. However, the increments In wing drag coefficients due to the.
half-delta wing-tip allerons are believed tc be reliable. The results
for the plain wing are unpublished and were obtalned from flighit tests
of configurations identical to configuratlons 1 and 2 of the present
teats except that they had nc allerons and had values of wing incidence
ranging from 0° to 0.5°. The drag coefficilents of these plain-wing con-
figurations having several values of wing incldence and rates of roll
agreed within experimental accuracy. The drag coefficlents shown in
flgure 9 for these configurations were those mesasured at approximastely
the pb/2V values obtained by the half-delta wing-tip aileron configu-
rations. The increments in CDW shown In figure 9 are therefore caused

only by the drag and Interference of the half-delta tip aillerons.

The results shown in figure 9 indicate that for Ag/p = 0°, the tip
alleron had no measurable effect on the wing drag coefficient. With
Ac/z = k5°, the wing-tip alilerons caused the transonic drag rise to occur
at’ & lower Mach number. ' ' '

CONCLUSIONS

The followling conclusions regarding the rolling effectliveness and
drag of half-delt= wing-tip eilerons in the Mach number range from
about 0.6 to 1.7 are based on the results of the tests reported herein:

1l. The rolling effectiveness of the half-delta wing-tip allerons
was relatively uniform over the Mach number range investigated.

2. Increasing wing sweepback from 0° to 45° decreased the rolling
effectiveness somewhat at the subsonic and. the highest supersonic Mach
nunmbers Investigated.

3. Increasing the wing taper ratio from O0.45 to 1.0 increased the
rolling effectiveness.

L4, The rolling effectiveness of the wing-tip allerons was lower thean
that of comparable plaln silerons at subsonic speeds but considerably
higher at supersonic speeds.
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5. Good sagreement wes obtalnéd between the rolling effectiveness
predicted by linear supersonic theory and that obtained experimentsally.

6. For the unswept configuration the wing-tip ailerons had no
meagurable effect on the wing drag coefficient.

T. For the. sweptback wing configurastion, the wing-tip allerons
caused the transonic drag rise to occur at a lower Mach number.

Langley Aeronsutical Lsboratory
National Advisory Committee for Aeronsutics -
Langley Alr Force Base, Va.
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APPENDIX

DETERMINATION OF THE THEORETLCAL ROLLING
EFFECTIVENESS OF WING-TIP AILERONS

By Robert O. Piland

INTRODUCTION

The rolling-effectliveness parsmeter 2—3/5 was calculated for wing-

tip allerons on a rectangular and an unawept tapered wing by means of
linear theory. The equations for the rolling moments involved integrals,
which due to their complexity, necessitated numerlical integrations in
some cases. These expressions, however, are presented in a form which

will allow the calculstion of g%/& for wings of these plan forms

regardless of sweep angle, aspect ratio, and Mach number, within the
limits of the theory. These limits restrict the Mach number range to
cases where the Mach line from the leading-edge tip lies ehead of the
leading edge of the aileron (Bm < 1), and the Mach line from the apex of

Cy + Cg
the wing intersects the trailling edge inboard of the alleron (B >_r?h_)

SYMBOLS

The following symbols are defined in addlition to those given in the
section entitled "SYMBOLS" of the mailn body of the present peper. In
some cases, symbols are redefined becsuse their usage in the eppendix is
different from that in the main body of the paper.

b
Czp damping~in-roll coefficlent BCz,/B%)PE__)O
2v
Cis rolling~moment effectiveness coefficlent for two
allerons (801/85)5_)0
1

Cy = —

T %o
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So =8 - Bg

Ct
Ca

Cr

XY

cot @

tan A

W
n

rolling moment, positive when tending to depress right
wing

free-stream dynamic pressure
wing span
area of two wing pesnels (including ailerons)

. areg of two allercons

chord of wing at Juncture of wing and aileron
chord of alleron at Jjuncture of wing and aileron

root chord of wing

distance from center line to wing-ailleron Juncture
coordinate axes (see fig. 10)

sweep of leading edge of aileron (see fig. 10)

sweep of leading edge of wing (see fig. 10)

half the angle between the Mach lines emenating from
the tip apex

cotu:&z-l

velocity potential due to rolling

pressure coefficient

RECTARGULAR WING

From a consideration of the moments acting on a wing In a steady
roll the value of %/8 is glven by the ratio Cig /CZP. Consequently,

the problem 1is the determination of these parameters.

onmlEEN
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Rolling-Moment Effeciiveness Coefficient Cig

]
/SN
TN

A

.

The total 025 for the configuration in the preceding sketch was
determined by obteining the respective rolling-moment contributlons of
regions 1 (?151) and 2 (0152). The pressure within the Mach cone on the

wing is given in reference 5 by equation (T7)(p. 33) as

O = ks Bm X + By
P~ 5% (T + Bm) \|Bmx - By

The notaetion has heen changed to comply with that of the present paper.
The guantities Czsl and 0152, representing the rolling-moment contri-

butions of regions 1 and 2, respectively, are obtained by integrsting

the pressure over the areas. In the shaded area of region 2 the pressure
used is not correct since the aileron does not extend to the trailing edge
of the wing. The error introduced by this gpproximation is believed to
be small and will be discussed more fully in the following section. The
rolling-moment contributions of the two areas are as follows:

Clg, = u\g—sa[ g-(sam-l)] (1)

Cz

16(gm)3/2 (Bm + 1) 2 2
82 T 1p2Sb(pm + 1) 4 [h(ct - Ca) *

(3em - 1)(cs3 - Ca.3)—
68

—

(3Bm.+ l)(ct3 - ca;)
12

VA (2)
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c = C1. +C3
Bpotal 51 8o (3)

Damping-in-Roll Coefflicient CZP

e
v
1 2

ey N

The total Czp waes obtalned by combining the respective rolling-

moment contributions of the three regions of the wing dencted In the
preceding sketch. The velocity potentia.l q) in region 1 on the wing

is given on page 25 of reference 6 as

f F(wh)a%xay (k)

By performing the operstions upon ¢, indicated in equation (%),
is obtained

7

Cipy

Acy 1 o - be? (o3 _
Czpl = 2 ﬁ—[g - -ﬁ(Eﬁm + l) + 332b2(3ﬁ m- + 3fm + l) -

3
3:; 3(’+B + 68%m° + bpm + 1)] (5)

The potential P2,3 in regions 2 and 3 on the wing was determined from
the method of Evvaerd (reference 7).

_pJx [ (1 - pm) 28y L (3Bm+1)

2,3 =% B (b + ) cos [(1 + Bm) * x{pm + 1)] * ljl * 3(Bm + l)
ox 2 A2 (Bm - 1) 2 6
SB(Bm+l)] (1+Bm)l:}33.'y2+(sm+1)'+y) )



Performing the chordwise integration of 09/dx indicated in equation (4) gives czp2 end 011,3
expressed as Integrals of the span loeds. The last integration (spanwise) was done numerically.

0

Clp, = ﬁ?g t dy(y + h) EBE (h + ) cos'l[Ct(szy+ oy Ei ; gz;] +ay(h + y) +
-3 .
(3pm +1)  2c% 2 ¢42 (Bm - 1) [%% 2
EH- "3em + 1) ~ 3p(pm + 1)-J¢(—1+ Bm)Le - ¥+ s D (—E- + y) ('_T)
ne,, :
CZp3 = :;'55 dy(y + h) cf; (h + y) cos_l[ca(siy+ 0 + i ; gﬂ +
o )
TSP S \ PR PP | N
3(Pm + 1) 38(fm + 1)\ (1 + pm) | g2 (Bm + 1) \p
Therefore,

C =C;. +C;. +C (9}
Wroter Py Bp | lpg

St

TSH0GT W VOVN
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The potential P2, 3 is not correct in the small shaded area of region 2;
consequentiy'an error, believed to be small as in the case of 0152,

will be Introduced. The error in g%/s due to this procedure will

be reduced since %/5 1s the result of the ratio Cyg /Czp- The com-

bined effect in the case calculsted is belleved to incresse gsfé by

ebout 5 percent to 10 percent.

In summation E%/B mey be expressed as

c
pb/2V _ “Wrota1 _

5 (10)

¢ ’Protal

UNSWEPT TAPERED WING

The unswept-tapered-wing calculations were more involved than those
for the rectangular wing and fewer of the expressions are given in closed
form. The technigue, however, 1s essentislly the same.

Rolling-Moment Effectiveness Coefficlient CZS

The total Cig <for the wing in the precedlng sketch was determined

as before by combining the rolling-moment contributions of reglions 1
and 2. The expression for Czal obtained for the rectangular wing is

applicable in thies case also.



#T

i |
Cigy = b,;lE?s%E‘ + ;-;- (38m - 1)] (12)

The coefficient 0152 1s expreesed as the integral of the chordwise load and must, therefore,
be evalusted numerically.

16(13111)3/2 % (Bm + 1) [ (3pm - l)xe} 1['2 'E(c’c - x) * x(fm - 1)-|
g, = dx hx + o6~ -
%2 pRun(pm + 1) o, 2 x(fm + 1) J
c 2 [
E1+§-§+-lf—ﬂ(33m+l-2%)]%l}m-g(m—l)-£§]+%x[%(w-1)+2£—2:]- k‘g
(12)
CTopotar = Oty * O, (13)

Damping-in-Roll Coefficlent Cay

The total C1P of the wing ghown in the preceding sketch was cbteined by combining
the respective rolling-moment contributions of the areas denoted in the sketch. The

T304 W VOVN




coefficlent C1 weg not readily obta:l.ned in closed form; bowever, C; for & wing of the
P1 3 P) DA

gbove plan form without the aileron mmy be obtained from reference 8, The presgure In the tip
reglon of the above wing (without eileron) is gilven on page T of reference 9O as

___ B Boxy n? | -1,,x+ By
T E“”(aa-kz)'e(ae-ke)f“ <w’

| 2 2y
\-¥(B + k) (x + By) liy(hﬂ + 2k - 3) X2k Eh:'+

T2I05T W VIOVH

3(e? - ) 3(p2 - 19

tan~1 [*+ By ]Q'E(e'ae ~ ka) + Phyk
-y(Br 8 | (g2 - id)

The axis and aymbol notation haye been changed to conform with those of the present paper, After
integrating this pressure in the chordwlse dlrection CIPB may be expressed as the Integral of

the chordwlse loads,
| -k
ay(y + b) kyl% .y (i—k—el]tafl\lc" * (B -k

2(a2 _ ka) -y(p + k)

0

32
c = ———
IPB tﬂba\}ﬁg - k2 C
k-
| (ct - ]W)l:h + (EBQy + Ky - k&l coa"lqa‘ + y(p - &) + [Byh + _Be—y?(eﬁ + _k_)jl.g. +

2(52 ; kz) et - 2ky o2 - )

g (282 + 2Pk - 3k2) ] (ct - ky)(#ﬂ + k)
6(p2 - x2) 6(p2 - 7

V(e + %) feg + ¥(p - x] (14)

¢t




Therefore,

C:

Plié”‘%é(c

ipy - CzpB)

The potential in regions 2 end 3 was obtained by Evvard's method (reference T).

_ pf[&nx - ky)
¢2’3—“|:(B-k) ¥

(15)

o + 28Pxy - Pleg? - @)} % cos_l[(s +8)(1 - )5+ y)+ (e D)py -

(6 + k)(p - 6)2 B+k (Am + 1) (x - ky)

X

X
h_(’”ﬁ) [B-;+h(1-m)[zg-g):l+ -3,

8 B+k 2(fm+ 1)(p - k) 12

(E+k)(¥-%) ! 28(1 - mk) [:2—5-32+£Bm'1)(£+y)2
8(p - k) (B - k)(Pm + 1) (pm + 1)\B

Upon performing the chordwise integration of O@/dx indicated in equation (4), CzP2

and C-LP may be expreased as the Integrale of the spanwise lpads. The integrstlons were
' 3

carried out mumerically.

)}

(16)

ot

TSJ0GT W VOVH




0

16 1 k(3+k ¥ 1 Ct ky

e " P _Ct)(y+h)dy ;—\El}klhy+ e }ﬂEKl{l[(T—T)(l+kl)+
(k-p

on] | T e

' o )c_t ky ( 2ky
1+ -~ k - PR I R M LRI
y2(1 - k.l)(l + 6k + K Bﬂ cog- ( ks 1 (ﬁ B) o 1) ,

%N(l ' %)[ o I L -a];: y)e] (17)

wvhere

T2I06T W VIVN

LT



C1 -2 m?y+h)dy— [c"(1+k +)’l-k] = °t21+k)2(1 )
B e | o | P 1) + (1 - ) E"I'T( A

| 1+
3%3_’(1 ra)3+ 21 -1 e s kleﬂ - [( p

h_@(i+3_'+ akl)+(8y'T)+]—‘l(v-%) (1+

B b 3k

Therefore,

Cy = +C + C
Protal | PL T 'Pp lng
In summation

c c
/2V lepota) 18, + G155

B Cc c + C + C
1 1
Bpotal S 13-’3

)E.E 2k
B ko
c%’q» (1-x)y
o8 2
)La

(18)

ST

TSd0GT WY VOVE
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SUMMARY OF CONFIGURATIONS TESTED

TABLE I

NACA RM L50F21

Configuration A "(‘Zs) - (o) (o)
1 5.28 .0 1.0 0.01 4.9
2 5.28 45 1.0 0.0k 4.8
3 b, ok 0 .45 -0.12 5.0
L L,ok 45 45 0.01 4.3
5 h.ok o -45 -0.05 5.0
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Figure 1.- Genersl arrangement of test vehicles. All dimensions are in
inches.
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Figure

2.~ Photograph of typical test

vehicle.
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Figure 3.- Sketches of wing configurstions. All dimensions are in inches.
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Figure h.- Range and veristion of Reynolds number with Mach nurber,
Reynolds number baged on an average exposed wing chord of 0,58 foot,
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Figure 5.+ Variation of rolling effectiveness with Mach fumber.
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Figure 6.- Comparison of rolling effectiveness of plain and half-delta
tip silerons. :
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Figure T.- Comparison of experimental resulits with theoretical calculations.
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Figure 9.- Comparison of drag coefficients of wing configurations
having plain and half-delte allerons.
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Figure 10.~ The conflgurations investigated theoretically.
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Figure 8.- Variation of drag coefficient with Mach number.
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